Iron overload can lead to cytotoxicity, and it is a risk factor for diabetic peripheral neuropathy. However, the underlying mechanism remains unclear. We conjectured that iron overload-induced neurotoxicity might be associated with oxidative stress and the NF-E2-related factor 2 (Nrf2)/ARE signaling pathway. As an in vitro cellular model of diabetic peripheral neuropathy, PC12 cells exposed to high glucose concentration were used in this study. PC12 cells were cultured with ferric ammonium citrate at different concentrations to create iron overload. PC12 cells cultured in ferric ammonium citrate under high glucose concentration had significantly low cell viability, a high rate of apoptosis, and elevated reactive oxygen species and malondialdehyde levels. These changes were dependent on ferric ammonium citrate concentration. Nrf2 mRNA and protein expression in the ferric ammonium citrate groups were inhibited markedly in a dose-dependent manner. All changes could be inhibited by addition of deferoxamine. These results indicate that iron overload aggravates oxidative stress injury in neural cells under high glucose concentration and that the Nrf2/ARE signaling pathway might play an important role in this process.
INTRODUCTION
Diabetic peripheral neuropathy is one of most common chronic complications induced by diabetic hyperglycemia, and is associated with axonal atrophy, blunted regenerative potential, demyelination, and loss of peripheral nerve fibers [1] . Although numerous factors contribute to diabetic peripheral neuropathy, including insulin-induced resistance to neuronal trophic support [2] , decreased (Na/K)-ATP-ase activity [3] and Schwann cell dysfunction [4] , increased oxidative stress and mitochondrial dysfunction seem intimately associated with nerve dysfunction and diminished regenerative capacity. Oxidative stress and apoptosis have been found to play crucial roles in diabetic peripheral neuropathy [5] [6] . Under hyperglycemia, large amounts of reactive oxygen species are produced by the mitochondrial respiratory chain, and neuronal apoptosis is increased [7] . Despite advances in understanding the etiology of diabetic peripheral neuropathy, few approved therapies exist for the pharmacological management of the disease. Therefore, identifying novel therapeutic strategies remains paramount.
Iron is ubiquitous in cells and is essential for biological functioning. Normal iron balance is maintained by meticulous regulation of its absorption from the intestine and release from macrophages. It is modulated in response to requirement from body iron stores and demand from erythropoiesis to prevent deleterious extremes of iron deficiency or excess [8] . However, without adequate management, excess amounts of free iron may cause progressive damage. In recent years, there has been increasing interest in brain iron metabolism during normal ageing, particularly as excessive iron deposition has been found in neurological disorders [9] . Iron overload is also a risk factor for diabetes. The link between iron and diabetes was first recognized in pathologic conditions (hereditary hemochromatosis and thalassemia), but high levels of dietary iron also confer diabetes risk. Iron plays a direct and causal role in diabetes pathogenesis, which involves both β cell failure and insulin resistance. Iron also regulates metabolism in most tissues involved in energy homeostasis, with the adipocyte in particular having an iron-sensing role. The molecular mechanisms underlying these processes are numerous and incompletely understood, but include oxidative stress and the modulation of adipokine and intracellular signal transduction pathways [10] .
A large body of evidence shows that iron overload is closely related to diabetes mellitus as well as its chronic complications [11] [12] [13] [14] [15] ; oxidative stress and inflammatory factors may play a pivotal role in this relationship [16] . However, there is no direct evidence on whether abnormal iron metabolism is related to diabetic neuropathy.
In this study, we made use of a cellular model of diabetic peripheral neuropathy using PC12 cells exposed to high glucose concentration, and examined cell viability and apoptosis under iron overload. We measured the levels of reactive oxygen species and malondialdehyde, and the expression of the transcriptional activator NF-E2-related factor 2 (Nrf2).
RESULTS

Iron overload aggravated high glucose concentration-induced neurotoxicity in PC12 cells
Hyperglycemia was recently shown to induce oxidative stress and generate reactive oxygen species in neurons, resulting in neuronal damage and dysfunction [17] . In addition, high glucose induced oxidative damage in PC12 cells [18] . Thus, we generated a cell culture model of diabetic peripheral neuropathy by culturing PC12 cells in high glucose (25 mmol/L). Iron overload was created by exposure to ferric ammonium citrate [19] . To determine the appropriate experimental concentration of ferric ammonium citrate, PC12 cells cultured under high glucose (25 mmol/L) were exposed to 12 different concentrations of the compound (0, 12.5, 25, 50, 100, 200, 300, 400, 500, 600, 700, 800 μmol/L) for 24 hours. The 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) assay was used to assess PC12 cell growth inhibition. Ferric ammonium citrate inhibited the growth of PC12 cells in a concentration-dependent manner ( Figure 1A ). The degree of growth inhibition could be divided into three phases according to ferric ammonium citrate concentration-the initial phase (less than 50 μmol/L), the rapid rising phase (50-200 μmol/L), and the plateau phase (more than 200 μmol/L). The growth inhibitory effect was statistically significant when the 25, 100 and 400 μmol/L treatment doses were compared with each other (P < 0.05 or P < 0.01). Hence, we chose these three concentrations of ferric ammonium citrate for use in the subsequent experiments.
Deferoxamine is a chelating agent used to remove excess free iron from the body. Therefore, we examined the effect of deferoxamine on our cell culture model of diabetic peripheral neuropathy. After PC12 cells were exposed to high glucose (25 mmol/L) for 24 hours, ferric ammonium citrate and/or deferoxamine were added and the cells were cultured for an additional 24, 48 or 72 hours, and cell viability was assessed ( Figure  1B-D) . Figure 1E ).
To further evaluate the neurotoxicity of ferric ammonium citrate, annexin V-FITC/PI staining and flow cytometry analysis were performed to assess apoptosis in PC12 cells ( Figure 2 ). Similar to the cell viability results, the apoptosis rate in the normal glucose concentration group was significantly higher than that in the high glucose concentration group 48 hours after adding the iron compound (P < 0.05). The apoptosis rates in PC12 cells cultured for 48 hours in the three different ferric ammonium citrate concentrations were significantly higher than the apoptosis rate in the high glucose concentration group (P < 0.05). In addition, the apoptosis rate in PC12 cells rose in tandem with increasing ferric ammonium citrate concentration. Compared with the 400 μmol/L ferric ammonium citrate group, ferric ammonium citrate combined with deferoxamine significantly reduced the apoptosis rate (P < 0.01), indicating that deferoxamine inhibits neurotoxicity by chelating excess iron extracellularly.
Iron overload increased intracellular reactive oxygen species and malondialdehyde levels in PC12 cells
To determine whether iron overload induced apoptosis via oxidative stress, reactive oxygen species and malondialdehyde levels in PC12 cells were measured after treatment with ferric ammonium citrate and/or deferoxamine for 48 hours ( Figure 3 ). Compared with the normal glucose concentration group, the reactive oxygen species and malondialdehyde levels were significantly higher in the high glucose concentration group (P < 0.01 or P < 0.05). Reactive oxygen species and malondialdehyde levels were significantly higher in the ferric ammonium citrate groups compared with the high glucose concentration group (P < 0.01 or P < 0.05). These levels rose in parallel with increasing ferric ammonium citrate concentration. Malondialdehyde and reactive oxygen species levels in the ferric ammonium citrate + deferoxamine group were significantly lower than those in the 400 μmol/L ferric ammonium citrate group (P < 0.05).
Iron overload inhibited Nrf2 expression in PC12 cells
To explore whether the Nrf2/ARE signaling pathway participates in oxidative stress induced by iron overload in PC12 cells, we analyzed Nrf2 mRNA expression using real-time PCR and Nrf2 protein expression using western blot assay.
The amplification curves for the quantitative real-time PCR were smooth, and each curve had a significant exponential amplification period (data not shown), indicating that the assay could be used for the experiment. The amplification efficiency of the target and reference genes were consistent. Thus, the 2 -ΔΔCt method could be used for the relative quantification of mRNA. Compared with the normal glucose concentration group, Nrf2 mRNA expression in the high glucose concentration group was significantly lower (P < 0.05; Figure 4A ). Nrf2 mRNA levels in the ferric ammonium citrate groups (100 and 400 μmol/L, but not 25 μmol/L) were significantly lower than in the high glucose concentration group, and the reductions in expression were dosedependent (P < 0.05; Figure 4A ). In PC12 cells treated with ferric ammonium citrate and deferoxamine, expression of Nrf2 mRNA was relatively higher. The difference was statistically significant when compared with the 400 μmol/L ferric ammonium citrate group (P < 0.05; Figure 4A ).
Western blot analysis was used to determine the levels of Nrf2 protein ( Figure 4B ). PC12 cells in the high glucose concentration group had reduced Nrf2 protein expression compared with the normal glucose concentration group (P < 0.05; Figure 4C ). Furthermore, we found that the relative protein levels of Nrf2 in PC12 cells were significantly decreased by ferric ammonium citrate treatment (25, 100, and 400 μmol/L) compared with the high glucose concentration group (P < 0.05; Figure 4C) . The relative protein level of Nrf2 was significantly decreased by 400 μmol/L ferric ammonium citrate treatment compared with the 25 μmol/L ferric ammonium citrate group (P < 0.05; Figure  4C ). Similar to its effect on Nrf2 mRNA expression, deferoxamine treatment resulted in higher Nrf2 protein expression (in the ferric ammonium citrate + deferoxamine group compared with the 400 μmol/L ferric ammonium citrate group; P < 0.05; Figure 4C ).
DISCUSSION
The pathogenesis of diabetic peripheral neuropathy is complex and involves an intricate web of mechanisms. The majority of studies have focused on glucose and lipid metabolism disorders, oxidative stress, apoptosis and autoimmune dysfunction. Numerous studies [20] [21] have shown that oxidative stress plays a major role in the disease, and have implicated the polyol pathway, microangiopathy, advanced glycation end product formation, protein kinase C pathway activation, and the hexosamine biosynthetic pathway.
Oxidative stress induced by iron overload is a major contributor to neural cell injury [22] . In vitro experiments have shown that neural cells cultured with high concentrations of iron (≥ 10 μmol/L) die in large quantities after 7 days because of oxidative stress [23] . In diabetic rats, both motor and sensory nerve conduction velocities in the sciatic nerve can be restored by adding deferoxamine in the diet, and the drug was found to increase endoneurial blood flow [24] [25] .
The PC12 cell is often used as a neuron model because of its characteristic neuronal features. PC12 cells exposed to high glucose are often employed as in vitro model of diabetic peripheral neuropathy [26] . Therefore, in this study, we investigated the effect of iron overload on oxidative stress in diabetic peripheral neuropathy using this PC12 cell model. Here, we found that iron overload (induced with ferric ammonium citrate) inhibited the growth of PC12 cells, induced apoptosis, increased the levels of reactive oxygen species and malondialdehyde, and reduced the expression of Nrf2. It is interesting that the viability of PC12 cells in the high glucose concentration group was higher than in the normal glucose concentration group after 24 hours in culture. Concomitantly, the apoptotic rate was decreased in the high glucose concentration group compared with the normal glucose (C) Immunofluorescence microscopy on PC12 cells showing that Nrf2 localizes both in the cytoplasm and nucleus, and that it is primarily localized in the nucleus in the NGG and HGG. In the 400 μmol/L FAC group, the fluorescence intensity was reduced and labeling was dispersed. Deferoxamine promoted the expression of Nrf2 in the FAC + DFO group. concentration group at 24 hours of culture. We speculate that stress caused by 25 mmol/L glucose protects cells acutely, but is toxic in the long term. This is supported by another study which showed that short pretreatment with high glucose protects H9c2 cells against hypoxia [27] . In this study, cell viability and apoptotic rate were not significantly different between the high glucose concentration and normal glucose concentration groups at 48 or 72 hours. Although the findings support our notion, further study is required to clarify how glucose protects cells in the short term.
Global clinical data and epidemiological investigations show that there is an intimate relationship between in vitro iron overload and diabetes mellitus (type 1, type 2 or gestational diabetes mellitus) and its chronic complications [28] [29] [30] [31] [32] . Hereditary hemochromatosis is a typical example of iron overload leading to diabetes. Iron overload results in apoptosis of pancreatic beta cells, which results in reduced insulin secretion. Furthermore, liver iron deposition can cause insulin resistance, impairing glucose tolerance. Bloodletting therapy can reverse pancreatic islet injury in patients with diabetes mellitus. Another study found that therapeutic bloodletting alleviates glucose metabolism disorder in 35-45% of hereditary hemochromatosis patients [33] .
Accumulating evidence indicates that iron overload plays a pathological role in diabetic complications [34] . It has been recognized that in diabetic patients, compensatory mechanisms are impaired by hyperglycemia or hyperlipidemia, which makes tissues and organs more susceptible to oxidative stress injury [35] [36] [37] . Therefore, complications, including macrovascular and microvascular disorders (cardiomyopathy, neuropathy, retinopathy, nephropathy) and vascular dysfunction (arteriosclerosis and hypertension), may be enhanced in diabetic patients with increased serum and organ iron. Indeed, studies indicate that reduction of serum ferritin levels is beneficial for delaying or preventing cardiovascular complications in diabetic patients [38] [39] .
It is known that iron overload causes oxidative stress. The toxicity of iron is mediated by the Fenton reaction, Fe 2+ + H 2 O 2 →Fe 3+ +OH· +OH -, in which the reaction between iron and hydrogen peroxide generates the highly toxic hydroxyl radical (OH· ) [40] . Free radicals can damage biological macromolecules (such as lipids, DNA and protein), produce extensive cellular oxidative stress injury, and induce tissue destruction. Both in vitro and in vivo studies show that an increase in iron content can aggravate lipid peroxidation, leading to neuronal apoptosis. An increase in reactive oxygen species is a direct index of oxidative stress, and malondialdehyde is a major product of lipid peroxidation within cells, and can reflect the degree of lipid peroxidation. Therefore, reactive oxygen species and malondialdehyde are representative indexes of oxidative stress damage. This study showed that after iron is overloaded in PC12 cells with ferric ammonium citrate, the levels of reactive oxygen species and malondialdehyde in the ferric ammonium citrate groups increased prominently in a dose-dependent manner compared with the high glucose concentration group. Their levels decreased substantially when iron was removed with deferoxamine. This demonstrates that iron overload is responsible for the increased levels of reactive oxygen species and malondialdehyde. Some studies have shown that neuronal apoptosis underlies diabetic neurological disorder and damage [17] . Along with the increase in iron concentration, oxidative stress within cells increases rapidly, leading to a reduction in cell viability and a gradual enhancement of apoptotic rate, which is the result of iron overload-induced injury.
Nrf2, a member of the basic leucine zipper protein family, is strongly associated with oxidative stress [41] . Under normal physiological conditions, Nrf2 is bound to and negatively regulated by Keap1. Nrf2 dissociates from Keap1 during oxidative stress and activates the transcription of genes containing an ARE, which participate in multiple antioxidative and detoxification reactions. These genes include glutathione S transferases, catalase and superoxide dismutase. This increases resistance to oxidative stress and protects cells against injury [42] . However, if the expression of Nrf2 is obstructed, resistance to oxidative stress will diminish, leading to cell dysfunction or death. A previous study showed that the localization and levels of Nrf2 are dependent on a balance maintained by a nuclear localization sequence and a nuclear export sequence rich in leucine. This balance is broken during oxidative stress, leading to a decrease in Nrf2 levels [43] . The abnormal expression of Nrf2 is associated with diabetes. Accumulating data show that the Nrf2/ARE pathway can influence the pathogenesis of diabetes by regulating antioxidase expression. Zheng et al [44] showed that dietary therapy with activators of Nrf2 ameliorates the metabolic disorder in diabetic rats and alleviates renal damage caused by diabetes.
In the present study, we examined the effect of iron overload on Nrf2 expression in nerve cells under high glucose conditions, and tested whether iron overload aggravates oxidative stress in nerve cells by suppressing the Nrf2/ARE pathway. Results demonstrated that Nrf2 mRNA and protein expression in the high glucose concentration group was significantly lower than in the normal glucose concentration group, suggesting that the Nrf2/ARE signaling pathway is inhibited in nerve cells under high glucose conditions. This, in turn, increases intracellular oxidative stress injury. These findings demonstrate that there is a close relationship between the abnormal expression of Nrf2 and the development of diabetes. This study also suggests that with increasing iron concentration, the expression of both Nrf2 mRNA and protein diminish, and that Nrf2 levels increase after removing the iron, which shows a strong relationship between iron overload and Nrf2. Iron overload likely leads to reduced Nrf2 levels in cells, which enhances the sensitivity of PC12 cells to oxidative stress and leads to pathological damage and apoptosis. In short, iron overload in PC12 cells significantly increases oxidative stress, which results in cellular damage and apoptosis. Taken together, the results of this study provide support for a link between diabetic neuropathy, iron metabolic disorder, and oxidative stress. Our data suggest that iron overload may lead to diabetic peripheral neuropathy through oxidative stress, and that Nrf2 is involved in this process. Our findings provide insight into the mechanisms underlying diabetic peripheral neuropathy and should facilitate the development of novel therapeutic strategies (for example, iron-removal therapy) for this disease.
MATERIALS AND METHODS
Design
A comparative observational, controlled, molecular, in vitro study.
Time and setting
All experiments were performed at the Central Laboratory, Wuhan Central Hospital, China from May to December 2012.
Materials
PC12 cells were provided by Department of Neurobiology, College of Basic Medicine, Tongji Medical College, Huazhong University of Science and Technology, China. Ferric ammonium citrate was purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Deferoxamine was purchased from Novartis (Basel, Switzerland).
Methods
PC12 cell culture PC12 cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin in a 5% CO 2 incubator at 37°C and saturated humidity. The medium was changed every 3 days. After incubating for 24 hours, cells took on the characteristics of nerve cells and adhered to the culture flask. Cells were passaged at 80% confluence with 0.08% trypsin. All the cells used in this experiment were in the logarithmic phase of growth. To determine the appropriate experimental dose of ferric ammonium citrate, cells cultured under high glucose conditions were exposed to 12 different concentrations of ferric ammonium citrate-0, 12.5, 25, 50, 100, 200, 300, 400, 500, 600, 700 and 800 μmol/L-for 24 hours. 
Grouping and treatments
MTT assay for PC12 cell viability
The cells were seeded in 96-well culture plates at a density of 1 × 10 8 /L, 100 μL/well. Each group consisted of three wells. After PC12 cells were given the relevant drug treatment, MTT (5 g/L; Guge, Wuhan, Hubei Province, China) was added into each well and cells were incubated at 37°C for an additional 4 hours. Supernatant was discarded and dimethyl sulfoxide was added (100 μL/well) to dissolve the formazan product. Absorbance was measured at 570 nm with a microplate reader (Tecan Group Ltd, Männedorf, Switzerland). The cell viability was calculated as follows: (absorbance of experimental group-absorbance of blank group) / (absorbance of high glucose concentration group-absorbance of blank group) × 100%.
Annexin V-FITC/PI flow cytometry for PC12 cell apoptosis Cells were harvested and resuspended at a density of 1 × 10 9 cells/L and incubated in 6-well culture plates.
After 24 hours, PC12 cells adhered to the flask and the relevant drug treatments were provided to the six different experimental groups, and 48 hours later, cells were incubated in the dark with 5 μL Annexin V-FITC (Beyotime Institute of Biotechnology, Nanjing, Jiangsu Province, China) and 10 μL propidium iodide (Beyotime Institute of Biotechnology) at room temperature for 15 minutes [45] . The samples were analyzed with a flow cy- 
Measurement of intracellular reactive oxygen species and malondialdehyde levels
To determine whether iron overload increased intracellular accumulation of reactive oxygen species and malondialdehyde, reactive oxygen species levels were estimated using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime Institute of Biotechnology) [46] . In the presence of reactive oxygen species, 2′7′-dichlorofluorescin is rapidly oxidized to fluorescent 2′7′-dichlorofluorescein. Flow cytometry was used to measure the fluorescence intensity. The mean of the fluorescence intensity in cells reflects reactive oxygen species level. Malondialdehyde content was measured using the thiobarbituric acid assay according to the instructions in the kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu Province, China). The cells were incubated with DCFH-DA (10 μmol/L) in the dark at 37°C for 30 minutes, and then washed three times with PBS and resuspended in a final volume of 500 μL PBS. Subsequently, flow cytometry was used to measure the fluorescence intensity. Malondialdehyde index = (absorbance detection tubeabsorbance detection blank tube )/(absorbance standard tube -absorbance standard blank tube ). A total of 10 000 cells from each sample were measured. The excitation filter was set at 488 nm and the emission filter at 525 nm.
Real-time PCR for Nrf2 mRNA expression Cells were harvested from each group to extract total RNA. Total RNA was isolated from cells using Trizol Reagent (Invitrogen, Carlsbad, CA, USA). An ultraviolet spectrophotometer (Beckman, Brea, CA, USA) was used to measure the absorbance ratio (A 260nm / 280nm ) which ranged between 1.80 and 2.00. According to the cDNA synthesis kit (Toyoba, Osaka, Japan), total mRNA was reverse transcribed into single-stranded cDNA, and the target gene and β-actin, used as an internal standard, were amplified. Reverse transcription reaction conditions were 42°C , 30 minutes; 80°C, 5 minutes. Primers for Nrf2 and β-actin were designed and synthesized (Invitrogen). The sequences are shown in Table 1 . Real-time PCR conditions were as follows: pre-denaturation at 95°C for 1 minute; denaturation at 95°C for 15 seconds, annealing at 58 °C for 20 seconds and extension at 72°C for 20 seconds (40 cycles); extension at 72°C for 10 minutes. Finally, the solubility curve was drawn. Detection of each sample was repeated twice, and the relative content of Nrf2 mRNA was analyzed using the comparative threshold cycle method (2 -ΔΔCt ).
Western blot assay for Nrf2 protein expression
Total protein from PC12 cells was extracted using the Protein Extraction Kit (Invitrogen). Protein concentrations were determined using the Bradford method [47] , employing a Universal Microplate Reader (Bio-Rad, Hercules, CA, USA) at 595 nm. A total of 25 μg protein from each sample was resolved with sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA), blocked, incubated in primary rabbit anti-Nrf2 monoclonal antibody (1:400; ab54364, Abcam, Cambridge, UK) and goat anti-β-actin polyclonal antibody (1:500; ab8229, Abcam) overnight at 4°C. After washing with PBS three times, the membrane was incubated with horseradish peroxidase-conjugated secondary goat anti-rabbit IgG (1:3 000; AB21-K, Millipore) or rabbit anti-goat IgG (1:5 000; SC-2768, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for 30 minutes at room temperature. The antibody-reactive bands were visualized with X-ray film, and band absorbance values were calculated with Alpha Software 5.0 software (Alpha Technologies Inc., Bellingham, WA, USA).
Immunofluorescence PC12 cells were fixed for 10 minutes with 4% paraformaldehyde/ PBS and blocked in 4% normal goat serum (NGS)/PBS/0.1% Triton-X for 30 minutes at room tem- perature, then incubated with Nrf2 antibody diluted in 4% NGS/PBS overnight at 4°C. Cells were washed three times with PBS and then incubated with Alexa 488-conjugated secondary antibody (Jackson ImmunoResearch, Lancaster, Pennsylvania, United States; 1:500) diluted in 4% NGS/PBS for 30 minutes at 4°C, and then subjected to immunofluorescence microscopy. Light micrographs were taken using a Zeiss microscope (Axiovert 200 MOT, Oberkochen, Germany).
Statistical analysis
All experimental data were provided as mean ± SD and analyzed using SPSS 17.0 software (SPSS, Chicago, IL, USA). One-way analysis of variance was adopted for multiple-group comparisons. Two-tailed Student's t-test was used for intergroup comparison. A level of P < 0.05 was considered statistically significant. This study adds new knowledge to the field of diabetic peripheral neuropathy.
